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Abstract—This letter analyzes the performance of simultaneous wireless information-and-power transfer (SWIPT) in a
cognitive radio sensor network (CRSN) under Nakagami-m fading. A pair of sensor nodes (SNs) is considered in which
one SN facilitates relay cooperation for communications between two primary users (PUs). In return, SNs make use of
primary users’ signals for energy harvesting (EH) and realize their own communications. In such a network, bidirectional
communications between the two PUs and unidirectional information exchange between the SNs can be performed in
three phases. A power splitting (PS) based approach is adopted for enabling SWIPT. The relaying SN applies an amplify-
and-forward (AF) protocol to broadcast primary and secondary signals, whereas the PUs perform selection combining
to access the active direct link. Accurate expressions of the outage probability (OP) and throughput are derived for the
primary system by considering a nonlinear energy harvester at the relaying SN under Nakagami-m fading.
Index Terms—Cognitive radio sensor networks, SWIPT, wireless powered sensor networks, Nakagami-m fading.
I. INTRODUCTION
Recent studies have demonstrated the applicability of (i) spectrum
sharing techniques in improving spectrum utilization [1], and (ii) radio
frequency (RF) based energy harvesting in prolonging the lifetime
of wireless sensor networks (WSNs) [2], [3]. Due to increasing
number of wireless devices, the industrial, scientific and medical
(ISM) band is becoming congested day by day. As the conventional
WSNs rely on ISM band, it is highly difficult and challenging to
guarantee the required quality of service [4]. The problem of spectrum
congestion can be solved by integrating the concept of cognitive radios
network (CRN) with WSNs [5]. As a result, cognitive radio sensor
networks (CRSNs) [6] can be very useful to realize a reliable as
well as low-cost remote monitoring systems for many applications.
Naturally, employing simultaneous wireless information and power
transfer (SWIPT) and spectrum sharing in WSNs can tackle the two
fundamental problems of spectrum scarcity and network lifetime.
Specifically, three receiver designs, namely power splitting (PS),
time switching, and antenna switching have been considered to
exploit SWIPT in various wireless and mobile networks [7], [8].
Among these designs, PS-SWIPT is adopted in this paper, where the
received power is split into two parts, one for information processing
(IP) and another for energy harvesting (EH). On the other hand, to
facilitate spectrum sharing, three approaches are commonly studied
in the literature: interweave, underlay, and overlay. Among these,
overlay-based spectrum sharing is of particular interest in this paper
where both primary users (PUs) and sensor nodes (SNs) can transmit
their signals in the same licensed band with the condition that the
SNs provide relay cooperation to the PUs.
Several works have considered SWIPT in cooperative CRNs [9]–
[14]. Specifically, the authors in [9] and [10] have considered an
underlay CRN with RF energy harvesting and analyzed outage
performance of the system. As an extension to the system in [9],
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[10], the authors in [11] have considered multiple primary nodes
and derived expressions of the outage probability (OP) and ergodic
capacity for the secondary system by considering interference from
multiple PUs. Further, in [12], the authors have introduced one-way
cooperative CRNs with SWIPT and analyzed the OP and throughput
performance for the primary and secondary systems. Similar to
[12], opportunistic relaying has been studied in [13] by considering
a dynamic SWIPT technique. Recently, the authors in [14] have
examined the outage performance of EH-enabled cooperative CRNs
over Nakagami-m fading environment. It should be pointed out,
however, that all the above mentioned works have considered only
the linear energy-harvesting model. Given that recent developments
have shown that the linear EH model is not practical because the EH
circuit is usually made up of diodes, capacitors, and inductors [15].
Therefore, the objective of this paper is to analyze performance of a
bidirectional SWIPT-based CRSN equipped with a nonlinear energy
harvester circuit.
Specifically, this paper adopts a piece-wise linear EH model to
capture the saturation effect of a practical EH circuit as proposed in
[16], [17]. A three-phase relaying protocol is considered to exploit
the direct link, where one SN provides relay cooperation to two
communicating PUs. In return, SNs utilize the primary transmission
for EH and realizing their communications. An amplify-and-forward
(AF) operation is considered at the relaying SN to broadcast primary
and secondary signals, whereas selection combining (SC) is adopted at
PUs to utilize the active direct link. For such a protocol, expressions of
the user’s OP and throughput of the primary system are obtained under
Nakagami-m fading. Numerical and simulation results enlighten the
impacts of different system/channel parameters on the performance
of SWIPT-enabled CRSNs.
Notations: fX (·) andFX (·) represent the probability density function
(PDF) and the cumulative distribution function (CDF) of a random
variable X , respectively, and Pr[·] denotes probability. Γ[·, ·], Υ[·, ·],
and Γ[·] represent, respectively, the upper incomplete, the lower
incomplete, and the complete Gamma functions [18, eq. (8.350)].
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Fig. 1. Signaling in the three-phase CRSN with PS-SWIPT.
II. SYSTEM AND PROTOCOL DESCRIPTION
This paper considers a three-phase SWIPT-based CRSN where
two primary users PUa and PUb communicate to each other with
the help of a SWIPT-enabled node SN1. All PUs and SNs operate in
a half-duplex mode and each is equipped with a single antenna. Fig.
1 depicts the involved operations in one communication block for
the considered system. In particular, three-time phases are required
to accomplish the end-to-end information exchange between two
PUs. In the first phase, PUa transmits a signal to SN1 and PUb .
Likewise, in the second phase, PUb transmits a signal to SN1 and
PUa . A PS strategy is employed at SN1 to harvest energy from RF
signals received in the first two consecutive phases from PUs. In the
third phase, SN1 applies an AF operation to broadcast the combined
primary signal after adding its own signal intended for SN2.
The channel coefficients of all the communication links are affected
by quasi-static fading. As such, for one communication block (three-
time phases), they remain unchanged. Further, channel coefficients
corresponding to PUa–SN1 and SN1–PUb links are represented
as ha,1 and h1,b , respectively. Similarly, channel coefficients
corresponding to PUa–PUb and SN1–SN2 links are denoted as
ha,b and h1,2. Moreover, all the channel coefficients are considered
to be reciprocal and follow Nakagami-m distributions.
A. Energy Harvesting
In the first phase, let PUa transmits a symbol xa . Then, the
signals received at SN1 and PUb can be given, respectively, as
y
(I)
a,1
=
√
Paha,1xa + n
(I)
1
and y
(I)
a,b
=
√
Paha,b xa + n
(I)
b
, where xa is
normalized to unit power whereas Pa denotes the actual transmit
power at PUa . Further, n
(I)
1
∼ CN(0, σ2
1
) and n(I)
b
∼ CN(0, σ2
b
)
represent additive white Gaussian noise (AWGN) variables atSN1 and
PUb , respectively. Likewise, in the second phase, the received signals
at SN1 and PUa are given, respectively, as y
(II)
b,1
=
√
Pbhb,1xb + n
(II)
1
and y
(II)
b,a
=
√
Pb hb,a xb + n
(II)
a , where Pb is the transmit power,
n
(II)
1
∼ CN(0, σ2
1
) and n(II)a ∼ CN(0, σ2a) are AWGN variables at SN1
and PUa , respectively. During the first and second phases, SN1 uses
a fraction of signals
√
βy
(I)
a,1
and
√
βy
(II)
b,1
to harvest energy from the
received signals, where 0 < β < 1. Hereafter, SN1 stores this energy
using an appropriate circuit and makes use of it in the third phase for
applying an AF operation on the combined signals. The remaining
fractions of the signals, namely
√
1 − βy(I)
a,1
and
√
1 − βy(II)
b,1
, are
allocated for information processing and broadcasting.
Further, the harvested energy at SN1 in the first phase is expressed
as E(I)
h
= ηβPa |ha,1 |2αT , where 0 < η < 1 denotes the energy
conversion efficiency of the circuit in the linear region. Similarly,
the harvested energy at SN1 in the second phase is given as E(II)h =
ηβPb |hb,1 |2αT . The total harvested energy at SN1 is thus Eh =
ηβ(Pa |ha,1 |2 + Pb |hb,1 |2)αT .
Considering the nonlinear EH model as in [16], the transmit power
at SN1 can be formulated as
P1=
{
αηβ(Pa |ha,1 |2+Pb |hb,1 |2)
1−2α , Pa |ha,1 |2+Pb |hb,1 |2 ≤ Pth
αηβPth
1−2α , Pa |ha,1 |2+Pb |hb,1 |2 > Pth
(1)
where Pth is the saturation threshold of the EH circuit
1.
B. Signal-to-Noise Ratio (SNR)
After splitting the signals received in the first two phases, SN1
combines two signals
√
1 − βy(I)
a,1
and
√
1 − βy(II)
b,1
by applying an
AF operation with gain G ≈
√
µP1/((1 − β)(Pa |ha,1 |2 + Pb |hb,1 |2))
[19]. The transmit signal in the third phase, i.e., the broadcasting
phase, can be expressed as
x
(BC)
1
=G (√(1−β)Paha,1xa+√1−βn(I)1 +n(I)cr+√(1−β)Pbhb,1xb
+
√
1−βn(II)
1
+n(II)
cr
)
+
√
(1 − µ)P1x1 (2)
where n
(I)
cr ∼ CN(0, σ2cr) and n(II)cr ∼ CN(0, σ2cr) are noise components
generated in the RF-to-baseband conversion processes in the first
and second phases, respectively, and µ ∈ (0, 1] is power allocation
factor at the relaying SN. The signal received at PUs in the third
phase can be expressed as
y
(III)
1, j
= h1, j x
(BC)
1
+ n
(III)
j
(3)
where j ∈ {a, b} and n(III)
j
∼ CN(0, σ2j ).
Since both PUa and PUb know their own transmitted signals, they
can cancel the self-interference. After performing self-interference
cancellation, the instantaneous SNRconcerning the transmission from
SN1 to PUj in the third phase can be expressed as
γ1, j =
{
γ
(lin)
1, j
, Pa |ha,1 |2 + Pb |hb,1 |2 ≤ Pth
γ
(sat)
1, j
, Pa |ha,1 |2 + Pb |hb,1 |2 > Pth (4)
where γ
(lin)
1, j
and γ
(sat)
1, j
are given for j, jˆ ∈ {a, b}, jˆ , j, as
γ
(lin)
1, j
=
ε1 |h jˆ,1 |2
ε2 + ε3 |h1, j |2 + ε4 |h jˆ,1 |2
(5)
and
γ
(sat)
1, j
=
ϕ1 |h jˆ,1 |2 |h1, j |2
ϕ2 |h1, j |2+ϕ3 |h1, j |4+ϕ4 |h1, j |2 |h jˆ,1 |2+ϕ5 |h jˆ,1 |2
(6)
where ε1 = µP jˆ , ε2 = 2µσ
2
1
+
2µσ2cr
1−β , ε3 = Pj (1− µ), ε4 = P jˆ (1− µ),
ϕ1 = µδPthP jˆ , ϕ2 = 2µδPthσ
2
1
+
2µδPthσ
2
cr
1−β +Pjσ
2
j , ϕ3 = Pj (1− µ)Pthδ,
ϕ4 = P jˆ (1−µ)Pthδ, ϕ5 = P jˆσ2j , and δ = αηβ/(1−2α). In obtaining the
expression for γ
(lin)
1, j
, the effect of noise terms in the third phase at PUs
is considered negligible compared to noise due to RF-to-baseband
conversion [20] and interference due to the secondary transmission.
III. PERFORMANCE ANALYSIS
A. Outage Probability Analysis
For a delay-limited wireless system, OP is a critical performance
metric that defines the probability of link failure. For the system
considered in this paper, an outage event happens at the PUs if the
instantaneous data rate (achieved by utilizing both direct and relayed
transmissions) at the corresponding PU falls below a predefined target
1It is assumed that the energy consumption in processing of information signals is
negligible and the total harvested energy is being utilized for signal broadcasting
in the third phase [8]
VOL. PP, NO. 99, MAY 2019 0000000
rate. Therefore, the user OP at PUj is mathematically defined for
j, jˆ ∈ {a, b}, jˆ , j, as
Pout, j =Pr[RSC,i < rj ]=Pr
[
max
(
γ1, j , γ jˆ, j
)
< γ¯ j
]
(7)
where rj is the target rate and γ¯ j = 2
rj /(1−2α) − 1 with α ∈ (0, 0.5).
Since (7) can be computed as
Pout, j = Fγ1, j (γ¯ j )Fγ jˆ , j (γ¯ j ). (8)
one needs to obtain Fγ1, j (γ¯ j ) for two cases of γ1, j given in (4). For
the case when Pa |ha,1 |2+Pb |hb,1 |2 ≤ Pth, the expression of Fγ1, j (γ¯ j )
is given in Lemma 1.
Lemma 1: The expression of F
γ
(lin)
1, j
(γ¯ j ) is
F
γ
(lin)
1, j
(γ¯j )=
Υ
[
mj,
m j Pth
Ω j Pj
]
Γ[mj ]
−
(
m j
Ω j
)m j
e
−
m
jˆ
Pth
Ω
jˆ
P
jˆ
Γ[mj ]
m jˆ −1∑
k=0
(
m jˆ
Ω jˆ P jˆ
) k
k!
×
k∑
q=0
(
k
q
)
P
q
th
(−Pj )k−q
ν∑
t=0
(−1)t t!(ν
t
)
Ξt+1
×
{
e
ΞPth
Pj
(
Pth
Pj
)ν−t
− eΞ∆1∆ν−t
1
}
−
(
m j
Ω j
)m j
Γ[mj ]
× e−
m
jˆ
γ¯ j ε2
Ω
jˆ
Θ
m jˆ −1∑
p=0
(
m jˆ
Ω jˆΘ
) p
p!
p∑
n=0
(
p
n
)
γ
p
th
εn
2
ε
p−n
3
× Υ [mj + p − n, Ψ∆1] Ψ−m j −p+n (9)
where Θ = ε1 − ε4γ¯ j , ν = mj + k − q − 1, Ξ =
(m jˆ Pj/Ω jˆ P jˆ − mj/Ω j ), Ξ , 0, Ψ = (mj/Ω j + m jˆ γ¯ j ε3/Ω jˆΘ),
∆1 = (PthΘ − γ¯ j ε2P jˆ )/(γ¯ j ε3P jˆ + PjΘ).
Proof: Please see Appendix A.
On the other hand, for the case when Pa |ha,1 |2 + Pb |hb,1 |2 > Pth,
the expression of Fγ1, j (γ¯ j ) is given in Lemma 2.
Lemma 2: The expression of F
γ
(sat)
1, j
(γ¯ j ) is
F
γ
(lin)
1, j
(γ¯j )=
m j−1∑
k=0
1
k!
(
mj
ΩjΛ2
)k k∑
q=0
(
k
q
)
(−Λ1)k−q e
mj Λ1
Ω j Λ2
×
(
m jˆ
Ω jˆ
)m jˆ
Γ[m jˆ ]
Γ
[
m jˆ + q,
(
m jˆ
Ω jˆ
+
mj
ΩjΛ2
)
∆2
]
×
(
m jˆ
Ω jˆ
+
mj
ΩjΛ2
)−m jˆ−q
+
m j−1∑
p=0
1
p!
(
mj
ΩjPj
) p p∑
n=0
(
p
n
)
× P
n
th
(−Pjˆ )p−n
Γ[m jˆ ]
(
m jˆ
Ω jˆ
)m jˆ
e
− mj Pth
Ω j Pj
∞∑
s=0
(
mjPjˆ
ΩjPj
) s
×
Υ
[
m jˆ + p + s − n,
m jˆ
Ω jˆ
∆2
]
s!
(
m jˆ
Ω jˆ
)−m jˆ−p−s+n
(10)
where Λ1 = ϕ2γ¯ j/(ϕ1 − ϕ4γ¯ j ), Λ2 = ϕ3γ¯ j/(ϕ1 − ϕ4γ¯ j ), ∆2 =
(Λ2Pth + Λ1Pj )/(Pj + P jˆΛ2).
Proof: Please see Appendix B.
B. System Throughput
The throughput of the primary system is defined as the sum of
average target rates at both PUs that can be attained in delay-limited
transmission scenario over fading channels. With the OP expressions
derived in Section III-A, the throughput is calculated as
SP = (1 − 2α)
[(1 − Pout,a)ra + (1 − Pout,b )rb ] (11)
wherePout,a andPout,b denote the respectiveOPs for thePUb → PUa
and PUa → PUb links, computed as in (8).
IV. NUMERICAL AND SIMULATION RESULTS
Throughout this section, it is assumed that Pa = Pb = P, σ
2
j =
σ2
1
= σ2
cr
= σ2, and the SNR is defined P
σ2
. Further, PUa and PUb
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10 15 20 25 30 35 40 45 50
O
u
ta
ge
P
ro
b
ab
il
it
y
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
Analytical (µ = 0.8)
Analytical (µ = 0.7)
Direct Transmission
Simulation
{ma, mb, mab} = {2, 1, 1}
{3, 2, 1}
{3, 2, 2}
Fig. 2. Outage probability versus SNR curves for the PUb → PUa
link.
are located at coordinates (0, 0) and (8, 0), respectively, whereas
SNa and PUb are located at (d, 0) and (d, 4). Considering a linear
relay network, the path-loss models are defined with Ωa = d
−v and
Ωb = (8 − d)−v , where v = 2.5. The energy conversion efficiency
and saturation threshold of the EH circuit are set as 0.7 and 0 dBm,
respectively. The noise power at both PUs and SN is −40 dBm.
For the numerical results presented in Fig. 2, other system
parameters are set as d = 4, α = 0.2, ra = rb = 1/6. This figure
plots OP versus SNR curves by considering different values of fading
severity parameters and power allocation factor. The OP performance
of the considered SWIPT-CRSN is also compared with performance
of direct transmission to show the advantage of relaying and energy
harvesting. From Fig. 2, one can clearly see that as the value of fading
severity parameters increases, the primary system enjoys improved
OP performance. Further, one can also see that as the value of µ
increases, the OP of the primary system improves significantly. This
performance behavior is intuitively satisfying since increasing the
value of µ reflects that more resource in terms of power is allocated
for primary transmissions as compared to the secondary system.
Fig. 3 demonstrates the primary system’s throughput versus SNR for
different target rates. Here, the parameters are set as ma = 3, mb = 2,
β = 0.8, α = 0.1 and η = 0.7. From this figure, one can see that
for low SNR values, the curves corresponding to a higher target rate
exhibit a lower throughput. The reason for this behavior is that as
the target rate increases in the low SNR region, the corresponding
target SNR also increases, which leads to degradation of the OP
performance. When the OP of the primary system gets higher, the
throughput performance degrades. In contrast, in the medium and
high SNR regions, the degradation of OP performance is very small
as compared to the throughput improvement when the target rates
increase. Moreover, the system throughput curves become saturated
at certain SNR values, which can be considered as the maximum
achievable throughput values for the corresponding target rates.
V. CONCLUSION
This letter analyzed the performance of a popular three-phase
cooperative SWIPT-enabled CRSN with a practical nonlinear energy
harvester. First, outage probability expressions are derived for primary
users under Nakagami-m fading. Then, the obtained OP expressions
are used to study the primary system’s throughput. Numerical results
validated the accuracy of the derived expressions and highlighted
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the effects of critical system and channel parameters on the system
performance. It is evident from the numerical results that better
channel conditions reflect better system performance in terms of
both outage probability and system throughput. It is noteworthy that
the considered system model can serve as a point of reference for
several future works. For instance, it would be interesting to analyze
the performance of the considered system in terms of bit error rate
for different scenarios.
APPENDIX A
Let X , |h1, j |2, Y , |h jˆ,1 |2 for j, jˆ ∈ {a, b} with j , jˆ. Under
Nakagami-m fading, X and Y follow the Gamma distribution with
PDFs fX (x) =
(
mj/Ω j
)m j (1/Γ[mj ])xm j−1e− mj xΩ j , x ≥ 0, fY (y) =(
m jˆ/Ω jˆ
)m jˆ (1/Γ[m jˆ ])ym jˆ−1e−
m
jˆ
y
Ω
jˆ , y ≥ 0. On utilizing (4), the CDF
F
γ
(lin)
1, j
(γ¯ j ) can be expressed as
F
γ
(lin)
1, j
(γ¯j ) = Pr
[
ε1Y
ε2 + ε3X + ε4Y
< γ¯j, PjX + PjˆY ≤ Pth
]
= Pr
[
Y <
γ¯j
Θ
(ε2 + ε3X),Y ≤
Pth − PjX
Pjˆ
]
. (12)
For Θ ≥ 0, (12) can be expressed in an integral form as
F
γ
(lin)
1, j
(γ¯j ) =
∫ Pth
Pj
∆1
fX (x)
∫ Pth−Pj x
P
jˆ
0
fY (y)dydx
+
∫
∆1
0
fX (x)
∫ γ¯ j
Θ
(ε2+ε3x)
fY (y)dydx (13)
where Θ and ∆1 are defined after (9). After applying some
mathematical formulations and utilizing [18, eqs. 3.381, 8.350],
one can obtain the expression given in Lemma 1. For the case when
Θ < 0, F
γ
(lin)
1, j
(γ¯ j ) = 1.
APPENDIX B
The CDF F
γ
(sat)
1, j
(γ¯ j ) can be expressed by utilizing (4) as
F
γ
(sat)
1, j
(γ¯j )=Pr
[
Y <
ϕ2Xγ¯j+ϕ3γ¯jX
2
ϕ1X−ϕ4γ¯jX−ϕ5γ¯j
, PjX+PjˆY >Pth
]
(14)
Observe that in the medium to high SNR region ϕ5γ¯ j is negligible
as compared to other terms in the denominator. Therefore, (14) can
be expressed as
F
γ
(sat)
1, j
(γ¯ j ) = Pr
[
X >
Y − Λ1
Λ2
, X >
Pth − P jˆY
Pj
]
(15)
where Λ1 and Λ2 are defined after (10). For ϕ1 − ϕ4γ¯ j ≥ 0, Fγ(sat)
1, j
(γ¯ j )
can be written in an integration form as
F
γ
(sat)
1, j
(γ¯j ) =
∫ ∞
∆2
fY (y)
∫ ∞
y−Λ1
Λ2
fX (x)dxdy
+
∫
∆2
0
fY (y)
∫ ∞
Pth−Pjˆ y
Pj
fX (x)dxdy (16)
Solving (16) with the help of [18, eqs. 3.381, 8.352], the final result
is given in Lemma 2. For ϕ1 − ϕ4γ¯ j < 0, Fγ(sat)
1, j
(γ¯ j ) = 1.
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